We have used a 3-color imaging technique to obtain time-resolved series of images during nanosecond laser damage in bulk DKDP crystals. In contrast to single-pump, single-probe time-resolved imaging techniques, we are able to correlate behavior during single damage events. This enables us to observe a range of morphological dynamics that is otherwise difficult to study, including: the propagation of elastic sound waves and the liquid/solid melt front from the damage nucleation site and the dynamics of crack formation and propagation.
To obtain 3 time-resolved images for each pump pulse we exploited the 3 colors of an RGB CCD camera. We obtained pulses at 630 nm, 532 nm, and 461 nm (corresponding to Red, Green, and Blue) by passing the focussed ND:YAG laser second-harmonic beam at 532 nm through a 1 m long cell containing methane to generate stimulated Raman scattered (SRS) light at 630 nm (Stokes) and 461 nm (AntiStokes). The 630 nm, 532 nm, and 461 nm pulses were dispersed with a prism, individually time-delayed by propagation in air and then recombined to spatially overlap. All beams were spatially filtered by passing through pinholes in order to have uniform spatial profiles. The probe beams were collimated and expanded so the intensity across the -500 im image was nearly flat. The images were obtained at 90 degrees to the pump propagation direction and in transmission into a 20X microscope objective and color CCD (Panasonic GP-U5502). The RGB images were separated in software. The microscope objective imaged the plane containing the center of the pump pulse beam onto the CCD. In the images that appear below, the pump (damage) pulse enters from the left of the image going to the right. Each pixel corresponds to 1 .22X1 .22 im2 in the focal plane. An aperture was placed close to the exit face of the KDP sample. This restricted the f# to 1 0. Contrast in all images may be obtained by lensing, scatter, and absorption. In addition, in some geometries the strain-induced birefringence could be imaged using crossed polarizers. The polarizers P and A (analyzer) are shown in Fig. 1 . In Figs. 2 and 3 we used crossed-polarized geometries.
In Fig. 2 , we show 4 images obtained (respectively from left to right) 20 ns, 35 ns, 50 ns, and 2 s after the arrival of the peak of the 1 5 ns duration damage pulse. The three nanosecond time-scale images were obtained with the R, G, and B probe pulses, respectively, and the 2 s delayed image was obtained using the blue (461 nm) image. It is clear that much ofthe morphological dynamics occurs during the first 50 ns. These images were taken using crossed polarizers. The vertical and horizontal directions in the image are along the crystalline x=(1 00) and y=(01 0) axes of the uniaxial crystal and the probe was propagated along the unique (optical) z-axis (001). The polarizers were also oriented along x and y directions and the image contrast is due to shear-induced birefringence. The coefficients of the stress-induced birefringence are well known. [2] There are 4 main features in the morphological dynamics. First there are two expanding elliptically shaped ring patterns (vertical and horizontal) that propagate outward. This is due to the initial elastic response of the medium following the thermal expansion of the central region during the laser heating pulse. In the 35 and 50 ns image this ring is well defined and it appears like the outgoing wave when one drops a rock into a lake. By measuring the anisotropic propagation speeds in a number of images using different delay times, differing amounts of energy absorbed at the damage site, and different crystalline orientations, we confirmed that this is due to the elastic sound wave and the speed is independent of the initial energy absorbed. It is important to note that the image intensity is linearly proportional to the path-integrated shear and not compressive strain because of the details and symmetry of the strain-induced birefringence tensor. Thus, even though there is considerable compressive strain along the x and y axes, the birefringence is zero and the image appears uniformly dark along these symmetry axes. I ii e-reOl\ ed uiaee ol Li r-iiidnced daiiiaoe br a suiIe eent. From eli to rwht. the in aces ere taken at 2)) ns.Th its, () its, and 2 s tnlie deh:i\ alter the arriai ol the pinup puke. Iniaces ere ohtained throucli crossed IulLIri/ers and are urn in horizontal dimension.
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A. We didn't expect it to be, but if you look at any semiconductor though, or any large band gap semiconductor, then when they melt.
Q.
Well they melt at less than around 1000 degrees and their band gap is less than one eV. For this you are talking about a 6-eV band gap and the melting temperature is probably more than 1000 degrees.
A. Of course this is like saying nothing, but when you change the symmetry, that band gaps collapses. So basically, somehow when the symmetry is changed, like to a liquid, the band gap changes. We didn't expect it to be this way. But when you grow this crystal, out of a liquid, the liquid as you can imagine, like as in water, is clear. So it's a surprise that it's absorbing. But it had to be absorbing.
Q.
Is it a surprise or is it really absorbing liquid or is it scattering light?
A. It can't be scattered. We did all the tests for scattered light. We do profiles and the profile is consistent with absorption. Let's say it's an index change, which is real; if n goes from 1 .5 to 1 .7, well then it's a lens. It's either a diverting lens or a collimating lens, one way or the other. Then the central ray, through the center of the sphere that goes right through.
There's a 5% reflection at the front and the back face. And the sides become more reflecting. So if it's a lens. It's not a lens because if you profile, the insensity profile, it's darkest in the center.
It would be simple enough just to melt it and see if it's opaque.
A.
No, this is a very weird melt. It's very high pressure; it's a constant volume, almost a melt. So s at 1 0 GPa, and nonfractionated. Water has not been driven out of it and also, it's at high temperature. It's probably 900 degrees. If you try to do that in an oven, then the water just diffuses out. If you look in the literature, then people do these kinds of experiments. They stick a crystal, or actually they stick a powder in a pile and then they seal it. And then they stick that in an oven. Basically everyone understands that the water vapor is basically outside and there's some other material that's left over. So that's not a good way. It's not easy to confirm that, other than doing a planer measurement and doing time-resolved imaging of the planer measurement. That might be more convincing if you know what the pressure is if you shot it in a planar shock wave.
Ifyou allow me to add a note of explanation. Mark Kolzowski showed on Monday that a plasma could induce modification of a material. Tomorrow we have a paper where we show KDP. The material as a result of plasma modification and heat becomes an absorber. So it could add to that effect.
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A.
At 50 nanoseconds though, the plasma is dead. In terms of that ionizing plasma. But there's no reason to believe that there isn't an ordinary, metallic plasma. The absorption has to come from somewhere. But where it comes from I don't know. I just have to say symmetry change, high pressure, and band gap collapse. But 20 to 80 inverse centimeters means that you are absorbing 90 percent of the energy. In those pictures, the contrast is like 90 percent. So at 50 nanoseconds later, the liquid is absorbing 90 percent.
Q.
Just to follow up on a comment that you made on potassium di-hydrogen-phosphate. As you pointed out, when it is heated up it releases water and it forms potassium metaphosphate which has a considerably different index of refraction; that material doesn't crystallize very well, it forms a glass, particularly if it cools quickly. So this might be a source of a gas envelope after two seconds following a damage envelope around your damage center there. Secondly, I might indicate that studies of materials like this of diamond anvil cells under very high pressure actually show a collapse of the band gap and in some cases as much as one or one and a half electron volts. So there can be considerable reduction in the size of bandgap.
Can you tell the exact fluence on damage in your experiments. Did you try to correlate some pictures with the fluence?
The laser fluence, of course we can measure. Every shot we know exactly how much is going in. The full range that you see, from like, not making any permanent cracks at the end to this really horrible, long, like 200-micron damage spider type picture, is all taken with the same laser fluence. Basically between 1 .1 and 1 .3 milli-Joules. The infinite fluence is the same, nominally, the same on all of these images. If you can imagine, we raster it, you have to raster the sample, and we record hundreds and hundreds of these images. Then we throw the crystal away and get another one and do it again. So we are picking the full range. We can measure the scattered light and the transmitted light and we can get an idea of how much is absorbed. And that we have done. There is a correlation between more absorbed and more energy lost and bigger and bigger damage.
That variation goes from about two percent of the absorbed energy to about twenty percent of the infinite fluence.
Is it that the result depends on the exact location ofthe damage on the beam profile?
We always see damage at the center of our Gaussian beam. That is we don't see any marginal events. We know exactly where the Gaussian beam is coming through. It's hard to see image by image, but if you look at hundreds of these and you look at the center spot. We didn't present it this way but this line (pointing) is well defined, we know where it is. Over hundreds of images, the damage is always on this line. We hardly ever see them out. We do see cases where there might be several damage spots on this line. At LLNL once there were six in a line. The frame is actually 640 by 480 pixels, so there's more of this frame, we're just not showing it here. We don't see damage in the wings of the Gaussian beam. The kind of damage spot that we are forming is pretty much the same. The variation in the material, which is what I think you are asking about, is that there happens to be more of those defects in some material that we might characterize as not so good and they seem to be relatively close. And in other parts of the crystal, which are better, those defects are farther apart. I should mention that there are thousands of shots where the damage occurs out here and we don't capture the damage at all. There's a collimating beam coming in from the side, a huge interaction region, over a millimeter in size. We blew this up so each pixel on the CCD is 1 .2 microns square. So we are able to see 640 microns by 480 microns. There is a lot of damage that is occurring on either side of where we are imaging. Occasionally we are able to see within our frame multiple damage. So that's the variation in the material.
I'd like to congratulate you on a very nice technique as well. Did you ever see or were able to follow subthreshold effects in the material?
The one that we showed here where there was no cracking after the fact, and if you did a normal inspection you wouldn't know there was anything. Only because we have cross polarizers set up and we know where the damage is, can we see it. It's in this picture. There's the sound wave coming out and the strain wave being made. This would be considered subthreshold. We think that because it has all the characteristics of the other damage, that there's still a small bit of liquid. It's too small to see when it contracts, there might be one of those bubbles left in the center, but it's too small to see under a microscope.
I am wondering if the luminescence that you see at the 50 nanoseconds is due to triboluminensce?
There is so much fluorescence from the regular damage, I don't think we'd be able to know whether or not because this is time integrated. The 50-nanosecond image is just blue light. It's not like a luminescence that turns on at 50 nanoseconds; it's just that there is luminescence that's blue and we can't get rid of it. We have a spatial filter so we have a small f-number for the collection here, to try to discriminate against the fluorescence.
When you make the measurements of the magnitude strain wave to estimate its amplitude, do you need to do any deconvolution with the pulse length of your probe pulse?
Yes, you have to do all of that. It's all in the calculation. You also have to integrate in 3D. The ray that you are integrating is getting a phase shift as it's coming through the 3D object. You have to do the whole calculation for the 3D object.
